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Abstract 
This paper highlights the parametric appraisal for burr height and circularity in drilling of hole on AISI-304 stainless steel using 
Non-dominated sorting genetic algorithm (NSGA). The major problem arises in drilling operation is the formation of burr and 
taper which seriously affect the quality of holes in practical applications.  The present paper investigates the influence of drilling 
parameters viz., spindle speed, feed rate, and drill bit diameter on burr height and circularity. A total of twenty numbers of 
experiments were performed based on face centered central composite design (FCCD) of response surface methodology. 
Generally, the response surface methodology is used for modeling and analyzing manufacturing problems to understand the 
parametric effect on process responses individually, but it is unable to handle the multi-response problems. To overcome this 
limitation, proposed NSGA II is used for evaluation of optimal parametric combination in this study. The NSGA II is an 
improved approach of genetic algorithm (GA) for multi-objective optimization of process responses where non-dominated 
solutions having high crowding distance are used to provide diversified Pareto-optimal solutions. Analysis of variance shows that 
spindle speed significantly influence for the circularity of the drilled hole whereas all the parameters like spindle speed, feed rate 
and drill diameter influence on burr height. The optimal non-dominated set of solutions obtained through the NSGA II gives the 
manufacturer more flexibility in decision making in manufacturing process.  
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Organizing Committee of GCMM 2014. 
Keywords: Burr; Circularity; Drilling; Multi-objective responses;  NSGA II 
 
 
* Corresponding author. Tel.: +91-661-2462512; fax: +91-661-2462033. 
E-mail address: krabhishek1987@gmail.com 
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the Organizing Committee of GCMM 2014
79 Suman Chatterjee et al. /  Procedia Engineering  97 ( 2014 )  78 – 84 
1. Introduction 
Austenitic stainless steels find large application in day-to-day life like house hold goods (cutlery, sinks, tubing, 
springs, nuts, bolts etc.), air craft fittings, and aerospace components (bushings, shafts, valves, special screws etc.) 
due to its high strength and high corrosion and oxidation resistance [1]. Therefore, attention must be paid to study its 
machinability characteristics since AISI 304 stainless steel possess low thermal conductivity and high mechanical 
and micro structural sensitivity  to strain and stress rate.  Drilling is one of major conventional machining process 
which is mainly used for joining of the components [2]. Quality of holes in drilling depends on machining 
parameters and cutting tool configurations [3]. The twist drill possesses a complex geometry as compared to other 
cutting tools used for machining processes. Kurt et al. [4] have pointed out that work piece, drill geometry and the 
drill bit material are important parameters that influence circularity of the drilled hole. This is to be noted that burrs 
at entry and exit side of the drilled hole is formed due to the plastic deformation of the workpiece during drilling 
operation [5]. Rajmohan and Palanikumar [6] and other researcher [7-9] have used response surface methodology 
(RSM) to understand the parametric effect on drilling performance and develop empirical relationship between the 
process parameters and responses for predicting the process responses in drilling operation. From the literature, it 
has been observed that NSGA-II is considered as the improved population-based search and optimization techniques 
in many engineering manufacturing application as it is difficult to handle multi-objective problems in genetic 
algorithm (GA). 
The present investigation is performed to understand the effect of process parameters on drilling responses such 
as burr height and circularity. As the responses were more than one and to obtain optimum parametric setting for the 
process responses, an empirical relationship between the parameters and responses has been developed by using 
non-linear regression in RSM. In this study the optimization of multi-objective responses approach has been 
adopted. NSGA II has been employed in multi-responses to find the optimal parametric combination and best fitness 
curve for the process parameters in drilling of AISI-304 stainless steel. The present investigations helps the 
manufactures to reduce the cost and time for predict the output responses with less number of run. 
2. Experimentation 
The present paper described the effect of drilling parameters such spindle speed, feed rate and drill diameter on 
the circularity and burr height in drilling of AISI 304. 
 
1.1. Experimental set up 
The experiment were conducted on MAXMILL CNC milling machine (MTAB Engineers, India) having FANUC 
controller with positional accuracy of 0.01mm, Z axis (vertical) displacement of 250 mm, feed of 10 m/mm and 
speed of 10000 rpm maximum respectively. The drilling operation was performed by using twist drill of tungsten 
carbide (WC) TiN-PVD coated drill-bit of diameter of 5mm, 6mm and 7mm.  
 
1.2. Design of Experiment 
Design of experiment approach has been used for planning the experimental design. RSM-FCCCD (face centered 
central composite design) full factorial design having six central points has been adapted. Design having three levels 
and three factors, the higher limit is coded as +1 and lower limit is coded as -1. In this experimentation, the drilling 
process parameters viz. spindle speed; feed rate and drill diameter are varied into three different levels (expressed in 
coded form as shown in Table 1). 
The coded values are calculated from equation expressed below.  
                                                           
minmax
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                                                        (1) 
Where, Zi is the required coded values of the variable Z, Z is any variable ranges between Zmin to Zmax. Zmin is the 
lower limit and Zmax is the upper limit of the variable. In RSM the original variables are converted to variables (Eq. 
1) Z1, Z2, ….., Zn, which are to be dimensionless with mean zero and have same standard deviation. To develop a 
functional relationship between the parametric variables and responses the second order mathematical model for 
RSM has been expressed by Y (Eq. 2) to establish a mathematical model to predict the circularity and burr height.  
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1.3. Machining Evaluation Characteristics 
The circularity of hole and burr height was considered as evaluation characteristics for the drilling operation. The 
definition for circularity of the hole was based on Farrets’s diameter concept, which is defined by using the ratio of 
minimum to maximum Feret’s diameters of the hole [13]. The images of drilled holes were taken by optical 
microscope (Samsung having magnification 45X) and were measured in image viewer toolbox of MATLAB 12.0. 
The burr heights of the holes were measure using optical toolmaker microscope (Carl Zeiss, Germany having 
magnification 30X and resolution of 0.0001). The burr height has been calculated as distance between the focal 
points  on the top surface of burr and surface of work piece. All the responses were enlisted in Table 2. 
 
Table 1. Control parameters and their levels in coded form 
Parameters (units) 
Levels 
-1 0 1 
Spindle speed (r.p.m) 400 500 600 
Feed rate (mm/min) 30 40 50 
Drill diameter (mm) 5 6 7 
 
Table 2. Parametric details for drilling AISI-304 (coded form). 
Sl. 
No 
Parameters Experimented Predicted Error % 
S F D Cir Burr Cir Burr Cir Burr 
1 -1 -1 -1 0.8944 0.6709 0.9002 0.674 0.0065 0.0046 
2 1 -1 -1 0.9022 1.7304 0.9018 1.812 0.0004 0.0472 
3 -1 1 -1 0.8736 0.6853 0.8719 0.810 0.0020 0.182 
4 1 1 -1 0.8732 2.9268 0.8735 2.832 0.0003 0.0324 
5 -1 -1 1 0.8665 0.9213 0.8706 0.982 0.0048 0.0659 
6 1 -1 1 0.8975 0.9637 0.8951 0.800 0.0027 0.1699 
7 -1 1 1 0.8906 2.3459 0.8869 2.230 0.0042 0.0494 
8 1 1 1 0.9128 2.9749 0.9113 2.932 0.0016 0.0144 
9 -1 0 0 0.8834 1.0671 0.8788 1.174 0.0052 0.1002 
10 1 0 0 0.8879 1.6954 0.8918 2.094 0.0044 0.2351 
11 0 -1 0 0.9088 1.0848 0.9015 1.067 0.0080 0.0164 
12 0 1 0 0.8889 2.1101 0.8955 2.201 0.0074 0.0431 
13 0 0 -1 0.9147 1.7783 0.9107 1.532 0.0044 0.1385 
14 0 0 1 0.9114 1.6068 0.9148 1.736 0.0037 0.0804 
15 0 0 0 0.8933 1.7736 0.9038 1.634 0.0118 0.0787 
16 0 0 0 0.9076 1.9023 0.9038 1.634 0.0042 0.141 
17 0 0 0 0.9038 1.469 0.9038 1.634 2E-05 0.1123 
18 0 0 0 0.9015 1.3556 0.9038 1.634 0.0026 0.2054 
19 0 0 0 0.9106 1.7992 0.9038 1.634 0.0074 0.0918 
20 0 0 0 0.9048 1.8194 0.9038 1.634 0.0011 0.1019 
*Cir- circularity at entry, Burr- burr at entry (mm) 
3. NSGA II 
In order to form non dominated front’s concept, the NSGA II algorithm use to identify the non-dominated 
solutions in the population. After sorting out the non-dominated solution the selection of crossover and mutation of 
the algorithm has been performed. Following were the step followed shows the brief description of NSGA II. 
The step by step procedure of NSGA II which are described as below [10-12, 14]: 
¾ Step 1: Initially a combined population (which includes parent and offspring of size 2N) tQtPtR   is 
formed. tR  is sorted according to a fast non-domination procedure which results in different non-dominated fronts 
F1, F2 etc.  
¾ Step 2: Solutions belonging to the best non dominated set F1 are of best solutions in the combined 
population and must be highlighted more than any other solution in the combined population. If the size of F1 is 
smaller than N; then select all members of the set F1 for the new population i.e. Pt+1. The new parent population Pt+1 
is formed by adding solutions from the first front F1 and continuing till the size exceeds N. 
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¾ Step 3: From the last accepted front solutions are sorted according to a crowded comparison criterion (in 
order to maintain diversity in the population, this criterion is used which prefers a point that is located in a region 
with lesser number of points) and a total of N points are chose. 
¾ Step 4: The population Pt+1 of size N is created in which selection, crossover and mutation are used to 
create the new population Qt+1 of size N. This procedure is repeated for other following generations. 
4. Results and Discussions 
To understand statistical adequacy of the developed model ANOVA analysis has been performed. Table 3 
suggests that spindle speed is most significant factor for the analysis of circularity and Table 4 shows that all the 
process parameters were significant in the analysis. The coefficient of determination (R2) for circularity and burr 
height are 93.32% and 94.16% respectively, shows the significance of the developed model.  
 
Table 3. ANOVA for Circularity 
Source 
Sum of 
Squares 
df 
Mean 
Square 
F 
Value 
p-value 
Prob > F 
 
 
Model 0.003379 8 0.000422 11.22722 0.0003 significant 
S-Spindle speed 0.000424 1 0.000424 11.26551 0.0064 
F-Feed rate 9.18E-05 1 9.18E-05 2.440473 0.1465 
D-Drill diameter 4.28E-05 1 4.28E-05 1.139015 0.3087 
SD 0.000262 1 0.000262 6.969951 0.0230 
FD 0.000995 1 0.000995 26.43799 0.0003 
S2 0.000941 1 0.000941 25.00642 0.0004 
F2 7.71E-05 1 7.71E-05 2.049878 0.1800 
D2 0.000218 1 0.000218 5.796221 0.0348 
Residual 0.000414 11 3.76E-05 
Lack of Fit 0.000237 6 3.95E-05 1.115158 0.4622 not significant 
Pure Error 0.000177 5 3.54E-05 
Cor Total 0.003793 19 
 
Table 4. ANOVA for Burr height 
Source 
Sum of 
Squares 
df 
Mean 
Square 
F 
Value 
p-value 
Prob > F 
 
 
Model 7.231098 6 1.205183 12.97919 < 0.0001 significant 
S-Spindle speed 2.116736 1 2.116736 22.79614 0.0004 
F-Feed rate 3.21712 1 3.21712 34.64669 < 0.0001 
D-Drill diameter 0.023128 1 0.023128 0.249073 0.6261 
SF 0.390959 1 0.390959 4.21042 0.0609 
SD 0.864282 1 0.864282 9.307868 0.0093 
FD 0.618874 1 0.618874 6.664945 0.0228 
Residual 1.207115 13 0.092855 
Lack of Fit 0.683118 8 0.08539 0.814793 0.6214 not significant 
Pure Error 0.523997 5 0.104799 
Cor Total 8.438214 19 
 
The mathematical relation between the control parameters and the output responses were developed using non-
linear second order regression equations 3 and 4 as per RSM analyses are expressed as:  
 
20085.02006.02019.00112.0
0057.00057.0002.00021.0003.00065.0905.0,
DFSDF
DSFSFSDFSCyCircularit
uuuuu
uuuuuuuuu 
     (3) 
DFDSFSDFSBHeightBurr uuuuuuuuu 278.033.0221.0102.0567.048.0644.1,               (4) 
 
To know the adequacy of the mathematical model the experimental responses were compared with the developed 
mathematical model for all 20 experimental run and can be understand by the developed curve (Fig. 1 and 2). The 
percentage errors (G ) of the responses were understood by equation 5. 
                                                                       
¦
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                                                           (5) 
The average errors for the responses such as circularity (C) and burr height (B) are 0.33% and 8.9% respectively. 
The results suggest that the mathematical model developed using experimental values can be used for the further 
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analysis. 
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Fig. 1. Comparison of experimental and predicted circularity values 
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Fig. 2. Comparison of experimental and predicted burr height values 
To attain best fitness values for the objective function. NSGA II has been run in MATLAB® 12.0. The initial 
parameter setting for this algorithm is population size of 200, simple crossover with a probability of 0.85 having 
bitwise mutation, migration interval and migration taken as 20 and 0.2 respectively and Pareto fraction as 0.35. The 
obtained objective fitness values and their decision variables of the non-dominated solution were enlisted in the 
Table 5 and pareto-front is shown in Fig. 3 In the set of non-dominated solutions none of the single solution is 
superior to the other, so it depends on the decisions of the manufacturer which set of data is to be selected. 
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Table 5. Results of NSGA II (only first 16 solutions were taken) 
Sl. No. Objective 1 (Burr 
height) 
Objective 2 
(Circularity) 
x1 (spindle speed) x2 (feed rate) x3 (drill diameter) 
1 0.947346 -0.89415 -0.30315 -0.90489 0.395412 
2 0.326404 -0.85275 -0.99425 -0.9857 0.995847 
3 0.370299 -0.85616 -0.9369 -0.97814 0.985008 
4 1.379689 -0.90578 0.153263 -0.56159 0.122244 
5 1.125711 -0.9002 0.068895 -0.86815 0.393584 
6 0.526858 -0.86763 -0.78079 -0.97006 0.845755 
7 0.648569 -0.87328 -0.69775 -0.85187 0.846005 
8 1.569844 -0.90683 0.186616 -0.27034 0.007915 
9 1.31904 -0.90567 0.057054 -0.60573 0.026453 
10 0.845548 -0.88794 -0.41197 -0.91094 0.581978 
11 0.567139 -0.87001 -0.74383 -0.94701 0.832338 
12 1.535204 -0.90679 0.147968 -0.30141 0.013922 
13 0.473694 -0.86083 -0.92388 -0.86955 0.925192 
14 1.487391 -0.90671 0.166647 -0.39327 0.018221 
15 1.275724 -0.9031 -0.11608 -0.54215 0.21913 
16 1.190688 -0.90266 0.039565 -0.77635 0.251327 
 
 
Fig. 3. Pareto graph between objective 1 (burr height) and objective 2 (circularity) 
5. Conclusions 
The present paper highlighted the application of response surface methodology central composite design to 
investigate the parametric effects on drilling responses such as circularity of hole and burr height in drilling of AISI 
304 stainless steel. The responses in drilling operation such as circularity and burr height are compared with 
developed empirical regression equation to know the validity of the mathematical model. The relative average error 
of 0.33% and 8.9% for the responses circularity and burr height respectively, suggests that the predicted model can 
be taken into consideration for further analysis. As the drilling of AISI 304 stainless steel with TiN-PVD coated drill 
bit is a costlier and time consuming process, so there is requirement of optimization of process parameters that will 
benefit in growth of production rate by minimizing the machining time and cost. The NSGA II has been applied to 
obtain a set of optimal combination of parameters from the Pareto-optimal solution set to enhance the machining 
conditions. 
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